Shp-2 is a ubiquitously expressed tyrosine phosphatase with two SH2 domains. Homozygous mutant mice with a targeted deletion of 65 amino acid residues in the Nterminal SH2 domain of Shp-2 die in utero at midgestation, with multiple defects in mesodermal patterning. To surpass the embryonic lethality in dissecting the Shp-2 function in cell growth and dierentiation, we established homozygous Shp-2 mutant embryonic stem (ES) cell lines. Our previous data showed a severe suppression of hematopoietic cell dierentiation from Shp-2 mutant ES cells. Here we demonstrate that development of cardiac muscle cells was dramatically delayed and impaired in embryoid bodies (EBs) of Shp-2 mutant origin. Shp-2 mutant ES cells failed to dierentiate into epithelial and ®broblast cells in vitro. However, higher eciency of secondary EB formation was observed from the mutant than the wild-type ES cells. Further, mutant ES cells were more sensitive than wild-type cells to the dierentiation suppressing eect of leukemia inhibitory factor (LIF). In addition, mutant ES cells showed a reduced growth rate compared to wildtype cells. These results suggest that the Shp-2 tyrosine phosphatase is a positive regulator for both cell dierentiation and proliferation, in contrast to the Srcfamily kinases which promote cell growth but block dierentiation.
Introduction
Shp-2 (previously called Syp, PTP2C, PTP1D, SH-PTP2, SH-PTP3) is a cytoplasmic protein tyrosine phosphatase (PTP) that contains two SH2 domains at the N-terminus, one catalytic domain and a C-terminal tail (Feng and Pawson, 1994; Neel, 1993) . This phosphatase is ubiquitously expressed during mouse embryogenesis as well as in various adult tissues. We and others have shown that Shp-2 might be involved in the regulation of signaling events downstream of receptors for growth factors and cytokines Fuhrer et al., 1995; Kuhne et al., 1993; Lechleider et al., 1993a; Vogel et al., 1993) . Physical interaction of Shp-2 through its SH2 domains with autophosphorylated receptor protein tyrosine kinases (PTKs) and other signaling proteins may modulate its access to the substrate(s) and simultaneously stimulate the phosphatase catalytic activity (Feng et al., 1994; Kazlauskas et al., 1993; Lechleider et al., 1993b; Pluskey et al., 1995; Sugimoto et al., 1994) . Although the molecular basis is unclear, Shp-2 appears to function upstream of extracellular signal-regulated kinases (ERK), a group of mitogen-activated protein (MAP) kinases. Overexpression of a catalyticallyinactive Shp-2 (Cys 459 -to-Ser) mutant suppressed ERK kinase activation by insulin, insulin-like growth factor-I (IGF-I), and ®broblast growth factor (FGF) (Bennett et al., 1996; Milarski and Saltiel, 1994; Noguchi et al., 1994; Tang et al., 1995; Yamauchi et al., 1995) . Microinjection of a truncated Shp-2 mutant protein containing the two SH2 domains or a speci®c anti-Shp-2 antibody also inhibited mitogenic stimulation of DNA synthesis (Roche et al., 1996; Xiao et al., 1994) .
Genetic epistasis of the Drosophila counterpart of Shp-2, Csw, has demonstrated that this phosphatase operates downstream of Torso for the control of normal development of terminal structure during embryogenesis (Perkins et al., 1992) . Csw is also required for signal relay from Sevenless PTK during R7 photoreceptor cell dierentiation by working together with DOS, a putative Csw (Shp-2) substrate (Herbst et al., 1996; Raabe et al., 1996) . In order to dissect the biological function of Shp-2 in mammals, a targeted Shp-2 mutant allele was generated by homologous recombination in mouse embryonic stem (ES) cells, which results in an internal deletion of 65 amino acid residues in the N-terminal SH2 (SH2-N) domain (Saxton et al., 1997) . Mice homozygous for the Shp-2 mutation die between days 8.5 and 10.5 of gestation with multiple defects in the patterning of axial mesodermal tissues and posterior development during gastrulation. It is interesting to note that Shp-2 null mutant mice die around the same time of midgestation (Arrandale et al., 1996) . Thus, the intact SH2-N domain of Shp-2 seems to be required for its physiological function in cells and the mutant protein might be biologically inert. The requirement of Shp-2 at the early stage of mouse gastrulation is consistent with a previous report that microinjection of a catalytically-inactive Shp-2 mutant mRNA into Xenopus embryos blocked FGF or activin-mediated mesoderm induction and, in particular, caused severe posterior truncation (Tang et al., 1995) . The early embryonic lethality, while de®ning Shp-2 as an essential gene, renders it impossible to address the speci®c role of Shp-2 in the development of many cell types and tissues. Using homozygous mutant ES cells, we have recently demonstrated that the deletion mutation in the Shp-2 locus severely suppresses hematopoietic activity upon ES cell dierentiation into embryoid bodies (EBs) in vitro (Qu et al., 1997) . Development of both erythroid and myeloid cell lineages was aected by the Shp-2 mutation. These results suggest that Shp-2 is required for the development of blood cells in mammals, in contrast to Shp-1 that serves as a negative eector in the hematopoietic compartment (D'Ambrosio et al., 1995; Tsui and Tsui, 1994) .
We have now examined the generation of several other tissue-speci®c cell lineages as well as the general dierentiation capacity of Shp-2 mutant ES cells. The data presented here suggest strongly that Shp-2 acts as a positive regulator of ES cell dierentiation as well as proliferation. It was shown previously that the Src family kinases, such as Src and Hck, act to stimulate cell proliferation but negatively regulate cell differentiation (Boulter et al., 1991; Boulter and Wagner, 1988) . Thus, it is very likely that Shp-2 functions as a regulator of intracellular signaling pathways in a unique mechanism.
Results

Defective dierentiation of cardiomyocytes from Shp-2 mutant ES cells
With the widespread tissue distribution, Shp-2 is presumably involved in dierentiation and activities of numerous tissue-speci®c cells. In previous experiments, we demonstrated the requirement of a functional Shp-2 for hematopoietic cell development (Qu et al., 1997) . Using the`hanging drop' culture system (Maltsev et al., 1993; Wobus et al., 1991) , we have now examined the in vitro ES cell dierentiation into cardiac muscle cells with spontaneously contracting capability. ES cells aggregated together in thè hanging drop' culture. Upon transfer onto tissue culture plates, wild-type ES cell aggregates outgrew rapidly and started generating spontaneously beating foci 1 day after replating. The proportion of cultures with autonomously beating foci rose rapidly; almost all cultures in 24-well plates had at least one beating focus 5 days after replating. However, autonomously beating foci appeared 2 weeks later for Shp-2 mutant ES cells, as compared to wild-type ES cells (Figure 1) . At the maximum, only 50% of mutant cultures contained beating foci. Furthermore, there were fewer beating foci in each mutant culture and the beating strength of mutant foci was also weaker in comparison to the wildtype when examined under microscope (data not shown).
All of the in vitro ES cell dierentiation experiments described in this report were repeated with three independent clones of homozygous mutant ES cells isolated from two heterozygous mutant ES cell lines. The data shown are either from representative experiments or averaged from at least three experiments.
Impaired expression of muscle cell speci®c marker genes
To corroborate the defect in cardiac muscle differentiation from Shp-2 mutant ES cells, we performed RT ± PCR analysis to examine the expression of speci®c myogenic genes in dierentiating EBs collected at various time points. As shown in Figure 2 , reduced levels of cardiac myosin heavy chain (MHC)-a gene expression in mutant EBs was observed, as compared to wild-type EBs. The expression of MHC-b was more severely suppressed in mutant than wild-type EBs. No expression was detected for the gene encoding for the ventricle-speci®c isoform of cardiac myosin light chain (MLC-2V) in mutant EBs. In addition, two myogenic regulatory factor genes, myogenin and MyoD, were also repressed in mutant EBs (Figure 2 ). These molecular results are consistent with the morphological observation that cardiac muscle development is impaired in Shp-2 mutant EBs.
Reduced epithelial and ®broblast-like cell dierentiation
Undierentiated ES cells normally attach well to cell culture plates that are gelatinized. We found that after removal of LIF from culture medium, wild-type ES cells dierentiated into epithelial and ®broblast-like cells that attach to non-gelatinized plates. But the majority of Shp-2 mutant ES cells remained morphologically undierentiated and densely packed, and these cells attach poorly to non-gelatinized plates. Shown in Figure 3 are dispersed ®broblast-like and epithelial cells dierentiated from wild-type ES cells and poorlydierentiated, rounded cells of Shp-2 mutant origin after culturing without LIF on non-gelatinized plates. After 1 week of incubation, a con¯uent monolayer of epithelial and ®broblast-like cells formed for the wildtype, whereas no attached and spreaded cells of mutant origin were observed in non-gelatinized plates (data not shown).
Formation of secondary EBs in vitro
Totipotent ES cells are able to dierentiate in vitro into EB structures that consist of various cell types originating from mesoderm, ectoderm and endoderm. During the process of in vitro dierentiation, ES cells develop into a variety of committed cell lineages and Figure 1 Development of cardiomyocytes from wild-type and Shp-2 mutant ES cells. Wild-type (+/+) and homozygous Shp-2 mutant (7/7) ES cells were trypsinized and resuspended in ES cell medium without LIF. Aliquots of 300 ES cells were dispersed onto the inside surface of petri dish lids, which were then covered over petri dishes ®lled with PBS buer. ES cells were cultured iǹ hanging drops' for 2 days and resultant ES cell aggregates were transferred into bacterial dishes. After 5 days of culture, these aggregates were then transferred to 24-well plates individually. Spontaneously contracting foci in each well were inspected and recorded under a microscope every day also renew themselves. Stem cells isolated from EBs at the early stage are able to form secondary EBs when replated. The renewal capacity decreases rapidly as the dierentiation time prolongs, so the proportion of stem cells drops increasingly in EBs as the time goes on. However, if the dierentiation capacity of an ES cell clone is reduced, the proportion of stem cells in dierentiating EBs is expected to be elevated. To compare wild-type and Shp-2 mutant cells, we seeded the two types of ES cells into semisolid medium for EB formation. Primary EBs were collected at day 6 or 10, and EB cells were dissociated and replated into semisolid medium to form secondary EBs. Results shown in Figure 4 demonstrate that ®ve times more secondary EBs were generated from day 6 primary EBs of the Shp-2 mutant than the wild-type origin, whereas no dierence was observed for day 10 primary EBs. This result suggests that dierentiation in Shp-2 mutant ES cells is delayed.
Decreased requirement of Shp-2 mutant ES cells for LIF
The totipotency of ES cells is maintained by addition of LIF in the culture medium. Thus, an ES cell clone with decreased dierentiation capacity may require lower levels of LIF for maintenance of stem cell status. To compare the response to LIF treatment, wild-type and mutant ES cells were cultured in media supplemented with 0, 4, 15 or 60 U/ml of LIF for 96 h. As shown in Figure 5 , a signi®cantly elevated proportion of mutant ES cells maintained the morphologically undierentiated status at concentrations of 60 and 15 U/ml of LIF, as compared to the wild-type ES cells. The ratio of undierentiated ES cells for the mutant at 15 U/ml was comparable to that of wild-type ES cells at 60 U/ml, suggesting that the Shp-2 mutation increased approximately fourfold the ES cell sensitivity to LIF. With the addition of 0 or 4 U/ ml of LIF, there was no dierence between the wild type and mutant ES cells. Therefore, it appears that the Shp-2 mutation decreases rather than completely blocks ES cell dierentiation.
Higher eciency of`LIF rescue' for Shp-2 mutant ES cells
To further investigate the altered response to LIF, ES cells were subjected to a`LIF-rescue' test to evaluate the recovery of ES cells following a short period of LIF-starvation'. Cells were ®rst exposed to low dosages of LIF (2 or 60 U/ml) for certain time periods and were subsequently cultured in normal ES cell medium with 1000 U/ml of LIF. Undiffer- Figure 2 Expression of muscle cell marker genes. Cardiomyocyte dierentiation from ES cells were conducted as described in Figure 1 . ES cells or ES cell aggregates at dierent stages were harvested as indicated. Total RNA was extracted and subsequently reverse transcribed (RT) into cDNA using a hexamer-primer and reverse transcriptase. RT products were used as templates for PCR ampli®cation using speci®c pairs of primers for MHC-a (CTG CTG GAG AGG TTA TTC CTC G and GGA AGA-GTG AGC GGC GCA TCA AGG), MHC-b (TGC AAA GGC TCC AGG TCT GAG GGC and GCC AAC ACC AAC CTG-TCC AAG TTC), MLC-2V (GCC AAG AAG CGG ATA GAA GG and CTG TGG TTC AGG GCT CAG TC), myogenin (AGC TCC CTC AAC CAG GAG GA and GGG CTC-TCT GGA CTC CAT CT) and MyoD (CAC TAC AGT GGC GAC-TCA GA and TGC TGC TGC AGT CGA TCT CT), as described previously (Miller-Hance et al., 1993) . Another pair of primers (TCA CTG TGC CTG AAC TTA CC and GGA ACA TAG CCG TAA ACT GC) for the tubulin gene was also used to normalize the amounts of total RNA entiated ES cell colonies were enumerated to assess the LIF rescue eciency. As shown in Figure 6a , there was no decrease in the proportion of Shp-2 mutant ES cells that remained undierentiated after incubation in 60 U/ml of LIF for 24, 48 and 72 h. However, the proportion of undierentiated wild-type ES cells decreased increasingly following incubation with the same amount of LIF. Both wild-type and mutant ES cells showed a similar kinetics of decrease in the proportion of undierentiated cell colonies following incubation with 2 U/ml of LIF, although mutant cells had a slightly higher ratio of undifferentiated cells at each time point during this period of treatment (Figure 6b ). These results indicate that Shp-2 mutant ES cells, due to reduced dierentiation capacity, are more sensitive to LIF than wild-type ES cells.
Growth rate of wild-type and Shp-2 mutant ES cells
To determine cell growth in response to serum, we cultured wild-type and mutant ES cells in media containing 1.25, 2.5, 5, 10 or 15% of FCS and cell number was counted on day 3 (Figure 7 ). The cell growth rate increased proportionally with serum concentrations in culture medium for both wild-type and mutant cells. When cultured in lower levels of serum, no dierence was observed in the growth rate between wild-type and mutant cells. However, at higher levels of serum supplement, wild-type cells grew up faster than mutant cells, indicating that Shp-2 is an important positive transducer of mitogenic stimulation by serum. Figure 4 Formation of secondary EBs. ES cells of wild-type and mutant origins were seeded into semisolid methylcellulose culture medium without LIF for dierentiation into EBs. After 6 or 10 days of dierentiation, primary EBs were collected and dissociated into single cells. These EB cells were re-seeded into methylcellulose medium. Secondary EBs were scored at day 10 Figure 5 Sensitivity of ES cells to LIF. Cells were ®rst seeded into ES cell medium supplemented with LIF at 1000 U/ml. After cells had attached to the dishes (12 h), LIF concentration was adjusted to 60, 15, 4 or 0 U/ml, and cells were maintained in such LIF-starving' medium for 96 h. The proportion of undifferentiated colonies was evaluated by inspecting the morphology of 100 randomly chosen colonies after Wright's staining
Discussion
Recent identi®cation of SH2-containing PTPs, Shp-1 and Shp-2 in mammals and Csw in Drosophila, has facilitated the elucidation of the molecular mechanism for intracellular signal transduction. Biochemical and genetic analyses indicated that Shp-1 is a negative regulator in hematopoietic cell dierentiation and functions, and acts to attenuate signals or transmit inhibitory signals from a number of cell surface receptors (Shultz et al., 1993; Thomas, 1995; Tsui et al., 1993; Yi et al., 1993) . In contrast, Shp-2 appears to be a positive player in transmitting signals from growth factor receptors. We have previously shown that a functional Shp-2 is essential for embryonic survival and is required for the development of axial mesodermal structure (Saxton et al., 1997) . Homozygous Shp-2 mutant embryos have multiple defects, including abnormalities in node and notochord, poorly developed somites, unclosed neural tubes and aborted fusion of allantoic mesoderm with the maternal circulation. Using homozygous mutant ES cells and an in vitro ES cell dierentiation system, we have recently demonstrated that Shp-2 plays an important role in hematopoietic development (Qu et al., 1997) . The Shp-2 mutation suppresses dierentiation of both erythroid and myeloid cell lineages. Since Shp-2 is a widely expressed enzyme, we further examined the development of other cell types from mutant ES cells in vitro, including cardiomyocytes, ®broblast-like and epithelial cells. Indeed, we found that the Shp-2 mutation aected dierentiation of many cell types examined. Generation of spontaneously beating foci in mutant EBs was severely delayed and impaired, and expression of cardiac muscle cell marker genes was dramatically reduced or blocked. Development of ®broblast-like and epithelial monolayer cells was not observed from mutant ES cells in vitro. Taken together, these results suggest that the broadly expressed Shp-2 is involved in dierentiation and commitment of multiple tissue-speci®c cell types. We then examined the general dierentiation capacity of Shp-2 mutant ES cells by counting the secondary EB formation eciency and evaluating the ES cell sensitivity to LIF. Results shown in this report suggest that Shp-2 may be an important player in the initial stage of ES cell dierentiation. Production of secondary EBs from mutant ES cells was increased; the sensitivity to LIF was enhanced; and the eciency of`LIF-rescue' was improved, in comparison to wild-type ES cells. These results argue that the defective hematopoietic activity in mutant EBs observed previously (Qu et al., 1997) is not due to a decreased rate of stem/progenitor cell survival. It is more likely that the Shp-2 mutation suppressed stem cell dierentiation. Previous biochemical data suggest that Shp-2 might be involved in signal relay from gp130, a common b-signal transducing component shared by receptors for LIF, interleukin-6, oncostatin and ciliary neurotrophic factor (Boulton et al., 1994) . Shp-2 is one of the cytoplasmic signaling proteins that are tyrosine-phosphorylated in response to LIF and the other cytokines. Although the signi®cance of LIF-induced Shp-2 phosphorylation on tyrosine is not clear, our results presented biological evidence that this phosphatase might have a regulatory role in LIF-initiated signaling pathways.
The results reported here prompted us to make an intriguing proposal that the Shp-2 phosphatase has a positive role in mediating cell dierentiation as well as proliferation. This stands in contrast to the Src family kinases that induce cell proliferation but inhibit cell dierentiation. ES cells expressing a constitutively activated v-Src kinase fail to dierentiate in medium without LIF or feeder cells (Boulter et al., 1991; Figure 6 Eciency of LIF rescue. ES cells were initially seeded in ES cell medium with 1000 U/ml of LIF for 24 h. The culture medium was then changed to 60 U/ml (a) or 2 U/ml (b) of LIFcontaining medium. After incubation for 0, 24, 48 and 72 h, the culture medium was changed back to regular ES cell medium with 1000 U/ml of LIF. The proportion of undierentiated ES cell colonies was determined 120 h after initial plating as in Figure 5 Figure 7 Growth rate of wild-type and mutant ES cells. For comparison of growth rate, ES cells were ®rst plated into regular ES cell medium with 15% FCS. After 24 h (day 1), the medium was replaced with prewarmed ES cell medium supplemented with 1.25, 2.5, 5, 10 or 15% FCS. Cells in each well were fed with the same medium every day and were counted on day 3. The growth rate was determined as the increase of cell number on day 3 over day 1 Boulter and Wagner, 1988) . Expression of an activating mutant of Hck, another Src family member, in ES cells signi®cantly reduced differentiation capacity (Ernst et al., 1994) . Therefore, the Srcrelated kinases, as positive regulators of cell growth, function to block stem cell dierentiation. However, Shp-2 appears to act positively in both cell proliferation and dierentiation. A loss of function mutation in the Shp-2 gene appears to suppress dierentiation of hematopoietic and many other tissue-speci®c cells. Meanwhile, decreased cell division rate was observed for Shp-2 mutant ES cells (Figure 7) , consistent with previous observations that microinjection of anti-Shp-2 antibody or truncated Shp-2 mutant proteins blocked mitogenic stimulation of DNA synthesis (Roche et al., 1996; Xiao et al., 1994) .
Ras proteins appear to function as a positive regulator in promoting cell dierentiation or proliferation under various circumstances, as reviewed by Lowy and Willumsen (1993) . The Ras genes were ®rst identi®ed as the transforming elements in Harvey and Kirsten murine sarcoma viruses. Activating mutation in Ras genes has been detected at high frequency in clinical cancers. However, Ras activation in normal cells has been implicated in tissue dierentiation and antigen response. Ras proteins participate in multiple cytoplasmic signaling pathway, including the activation of ERK kinases. It was previously suggested that Shp-2 might function to modulate the Ras-ERK kinase induction (Li et al., 1994; Noguchi et al., 1994) . One proposed mechanism was that tyrosine-phosphorylated Shp-2 interacts physically with the Grb2-Sos complex, thereby linking to the Ras signaling pathway (Bennett et al., 1994; Li et al., 1994) . However, mutation of the putative Grb2-binding sites did not aect the Shp-2 activity in mediating growth factor stimulation of Ras and ERK kinase (Bennett et al., 1996; Tang et al., 1995) . In contrast, microinjection or expression of a catalytically inactive Shp-2 mutant suppressed mitogenic stimulation of ERK kinase (Bennett et al., 1996; Milarski and Saltiel, 1994; Noguchi et al., 1994; Tang et al., 1995; Yamauchi et al., 1995) . Thus, the molecular mechanism by which Shp-2 participates in the Ras pathway remains to be elucidated. Recent reports indicated that daughter of sevenless (DOS) might be the downstream targets of Csw (Shp-2) in the Ras pathway in Drosophila (Herbst et al., 1996; Raabe et al., 1996) . DOS is an interesting molecule with an Nterminal pleckstrin-homology (PH) domain as well as multiple presumptive tyrosine phosphorylation sites. Genetic analysis positioned DOS between Sevenless and Ras1 in cytoplasmic signaling that controls Drosophila eye development. Mammalian DOS has not been identi®ed so far. We have found that ERK kinase activation by stem cell factor (SCF) was blocked in homozygous Shp-2 mutant ES cells (Qu et al., 1997) . Further investigation of the Shp-2 function in the Ras pathway will certainly help to uncover the molecular mechanism for coordination of cell growth and dierentiation.
The in vitro ES cell dierentiation recaptulates or closely parallels the early events in mouse embryogenesis, and therefore provides important information about the function of a speci®c gene product in cell dierentiation and commitment. Thus, this system, which provides large amounts of easily accessible materials, will be an ideal developmental system to dissect the molecular mechanism by which Shp-2 regulates cytoplasmic signaling pathways.
Materials and methods
ES cells and reagents
The embryonic stem (ES) cell line, R1, was derived from the F1 ospring blastocysts of 129/Sv and 129/Sv-CP mice (Nagy et al., 1993) . ES cells were routinely maintained on gelatin-coated cell culture dishes in standard ES medium: Dulbecco's Modi®ed Eagle's Medium (DMEM) supplemented with 15% fetal calf serum (FCS), 2 mM Lglutamine, 0.1 mM ES cell quali®ed non-essential amino acids, 1 mM ES cell quali®ed pyruvate, 50 U/ml penicillin, 50 mg/ml streptomycin, 5.5610
74 M 2-mercaptoethanal plus 1000 U/ml recombinant mouse LIF (Wurst and Joyner, 1993) . FCS was tested for being able to support ES cell growth. Culture medium was changed every day, and cells were routinely passaged every third day by trypsinization. Generation of heterozygous and homozygous Shp-2 mutant ES cells was previously described in detail (Qu et al., 1997; Saxton et al., 1997) . Wild-type and mutant ES cells were adapted to growth in the presence of LIF without feeder cells.
Cardiomyocyte dierentiation of ES cells
Wild-type and mutant ES cells were dierentiated into spontaneously beating cardiomyocytes as previously described (Maltsev et al., 1993; Wobus et al., 1991) . Exponentially growing ES cells were trypsinized and resuspended in ES cell medium without LIF at the concentration of 1610 4 cells/ml. Aliquots of 30 ml cell suspension were put onto the inside surface of petri dish lids and were then placed over petri dishes ®lled with phosphate-buered saline (PBS). ES cells were cultured in these`hanging drops' for 2 days, and resultant ES cell aggregates were transferred into bacterial culture dishes containing ES cell dierentiation medium. After 5 days, ES cell aggregates were transferred into 24-well tissue culture plates, one aggregate per well. Spontaneously contracting foci in each well were inspected and recorded every day. ES cell aggregates were harvested at indicated times, and total RNA extracted for RT ± PCR analysis as described previously (Miller-Hance et al., 1993; Qu et al., 1997) .
In vitro dierentiation of ES cells
ES cells were dierentiated into embryoid bodies (EBs) in vitro in semisolid methylcellulose medium without LIF as previously described (Qu et al., 1997) . After 6 or 10 days, resultant EBs were collected and dissociated into single cells by collagenase digestion and passage through a 21-gauge needle. These EB cells were replated into semisolid medium and the eciency of secondary EB production was assessed after 10 days, to determine the proportion of undierentiated stem cells in primary EBs. For differentiation into adherent ®broblast/epithelial cells, ES cells were seeded into non-gelatinized cell culture dishes after withdrawal of LIF from the culture medium. After 3 days, dispersed epithelial and ®broblast-like cells began to appear and ®rmly attached to the bottom of dishes. To test for LIF sensitivity, ES cells were ®rst plated onto gelatinized tissue culture dishes in standard ES cell medium supplemented with 1000 U/ml of LIF. After 12 h, the LIF concentration was adjusted to lower levels and cells were maintained in LIF-starving medium for 96 h. The proportion of undierentiated colonies were evaluated by inspecting the morphology of 100 randomly chosen colonies after staining with Wright's dye. Only colonies consisting entirely of densely packed cells were scored as undierentiated, whereas colonies that contain both densely packed cells as well as dispersed and¯attened cells were scored as dierentiated colonies. In the LIFrescue assay (Ernst et al., 1994) , cells were initially cultured in ES cell medium with 1000 U/ml of LIF. After 24 h, the culture medium was changed with ES cell medium containing 60 or 2 U/ml of LIF. The LIF concentration was readjusted back to 1000 U/ml at indicated times, and the proportion of undierentiated ES cell colonies was determined 120 h after initial plating. Randomly chosen 100 colonies were inspected after staining with Wright's dye.
Determination of cell growth
Exponentially growing ES cells of wild-type and mutant origins were seeded onto 24-well cell culture plates at a density of 1610 4 cells/well in standard ES cell medium containing 15% FCS. After 24 h (day 1), culture medium was replaced with fresh pre-warmed ES cell medium containing 1.25%, 2.5%, 5%, 10% or 15% FCS. Cells in each well were replenished with the same medium every day and were counted on day 3.
